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cense.Abstract Potentially useful conducting polymers of sulfonyl substituted phenanthrene derivatives
and non-conducting linear polymers, such as, polystyrene and poly(N-vinylcarbazole) have been
synthesized and characterized using IR, thermogravimetric and dielectric measurements. The phen-
anthrene-based benzene, naphthalene and biphenyl copolysulfones have also been prepared and
characterized through these techniques. These pendant and backbone polymer sulfones have excep-
tionally high thermal stability and electrical conductivity, such that dc conductivity in the range
2.80 · 1016 to 2.82 · 107 X1 cm1 and ac conductivity in the range 1.69 · 107 to
2.10 · 106 X1 cm1.
ª 2009 King Saud University.Open access under CC BY-NC-ND license.1. Introduction
Numerous studies reporting ac conductivity, which exhibits
slightly sublinear frequency dependence have appeared in the
literature on non-crystalline solids (Mott and Davis, 1997;2 2239080.
ail.com (S.S.S. Kushwaha).
ity.
lsevierTauc, 1974; Kushwaha and Mishra, 2005, 2006, 2008; Kush-
waha and Sharma, 2006; Ikeda et al., 2000).
The thermal stability, dielectric and conductivity behaviour
of polymer pendant and backbone sulfones provide an inter-
esting structural variation and these are prepared by the usual
polycondensation reactions. There is now a considerable liter-
ature (Christine and Astruc, 2004) on the metal salt-initiated
polymerization of N-vinylcarbazole (NVC). Scientists have re-
cently observed that POCl3 initiates the solution polymeriza-
tion of N-vinylcarbazole (Biswas and Chakravorty, 1970;
Zhai and McCullough, 2004; Tian et al., 2003). Further studies
in this area have now revealed that thionylchloride (SOCl2) is
effective in initiating the polymerization of NVC, but not those
of styrene derivatives.
Friedel–Crafts reaction between a polymer and an
appropriate sulfonyl chloride derivative is an affable way of
304 S.S.S. Kushwaha et al.preparing polymer pendant sulfones (Dasgupta et al., 1986).
This procedure has been successfully used in the preparation
of phenanthraquinone sulfone derivatives of poly(N-vinylcar-
bazole) (PNVC) (Biwas et al., 1988).
In the present investigation we report the preparation of
phenanthrene mono- and disulfonyl derivatives of polystyrene,
poly(N-vinylcarbazole) and phenanthrene-based copolysulf-
ones of benzene, naphthalene and biphenyl. Thermal stability,
dielectric and conductivity data on these polysulfones have
been evaluated to draw valuable characteristics features.Figure 1 Reaction schemes and tentative structures of the
polycondensates.2. Experimental
2.1. Materials and methods
Polystyrene (DP = 480), used in the experiment, was obtained
from Polychem, India Ltd. Naphthalene and biphenyl were
AR grade chemicals and were used after puriﬁcation by usual
methods. Phenanthraquinone-2-sulfonic acid, phenanthraqui-
none-2,6-disulfonic acid (sodium salt) and anhydrous alumin-
ium chloride were obtained from Fluka AG Buchs,
Switzerland and were used as such.
The standard method (Biswas and Kamannarayana, 1975;
Biswas and Majumdar, 1989) has been used for the prepara-
tion of poly(N-vinylcarbazole) (Mn= 3300). It was reprecipi-
tated twice from THF by hot methanol and ﬁnally the solvent
was dried off. Estimation of C and H in the product was done
by the Heraeus micro combustion apparatus. Estimation of
sulfur, nitrogen and chlorine was done by usual methods.
Infrared spectra were recorded on a Perkin–Elmer 237B infra-
red spectrometer. Thermal stability measurements were made
on a Stanton Redcroft analyzer with the sample under air at
a heating rate of 15 C/mm in the temperature range
0–1000 C. Permittivity or dielectric constant (e), dielectric loss
factor (tan d) and ac conductivity measurements were made
with an impedance bridge (HP, A4 192). The dc conductivity
was measured by Keithley 6105 resistivity adaptor at room
temperature.
2.1.1. Formation and mechanism of polymer pendant sulfones
2.1.1.1. Synthesis of phenanthrene-2-sulfonylchloride (I) and
phenanthrene-2,6-disulfonylchioride (II). Phenanthraquinone-
2-sulfonic acid (sodium salt, 20 g) and zinc dust (16 g) were ta-
ken in a two-necked round bottomed ﬂask provided with a
thermometer and a condenser. Twenty percent ammonia solu-
tion was poured into this mixture to obtain a thick mass. The
colour of the mass was instantaneously darkened. Now, the
mixture was vigorously stirred and heated to temperature
70–80 C. Periodic addition of ammonia solution was needed
frequently to prevent the system from becoming dry. After
5 h decolouration occurred, indicating completion of the
reduction. The mass was ﬁltered and washed thoroughly with
cold water. The residue so obtained together with unreacted
zinc or zinc compounds as impurities was digested with excess
of dilute acetic acid for 2 h, now, it was ﬁltered and washed
thoroughly with distilled water. The product, phenanthrene-2-
sulfonic acid so obtained was dried in oven at 120 C.
Phenanthrene-2-sulfonic acid (12 g) was mixed with PCl5
(5 g) and heated on water bath (70–80 C) for 2 h followed
by continuous stirring. Finally, the contents were poured into
ice and ﬁltered when whole of the ice melted. The residue wasthoroughly washed with water and ﬁnally with ethanol, so as
to get phenanthrene-2-sulfonyl chloride (I, Fig. 1). It was
recrystallized from dichloromethane to get pure sample (m.p.
152 C) for further characterization.
Phenanthrene-2,6-sulfonyl chloride (II, m.p. 162 C, Fig. 1)
was prepared by the similar procedure as used for (I) using
sodium salt of phenanthrene-2,6-disulfonic acid.
2.1.1.2. Phenanthrene-sulfone derivatives of polystyrene and
poly(N-vinylcarbazole). Phenanthrene-2-sulfonyl chloride (I)
(0.02 mol) was reacted with anhydrous AlCl3 (0.02 mol) in
chloroform (50 cc) in an inert atmosphere of nitrogen for
30 min at room temperature. The content was stirred well
and then a solution of polystyrene (0.014 mol repeating units),
prepared in chloroform, was slowly added at room tempera-
ture. Now, the content was stirred for a long period of
36 h till reaction was completed which was identiﬁed by
appearance of dark colour. Now, it was poured into ice con-
taining 10% aqueous HCl solution. The solid product formed
in organic layer was poured into methanol, ﬁltered and then
washed with water, ethanol and ﬁnally with chloroform. The
product so obtained as (III), was dried in vacuum and charac-
terized (Table 1).
The polymerization of phenanthrene-monosulfone with
poly(N-vinylcarbazole) was carried out using the procedure
described above. The phenanthrene-disulfone derivatives of
Table 2 Conductivities of polysulfones.
Polymer code no. dc conductivity
at 30 C (X1 cm1)
ac conductivity
at 30 C (X1 cm1
at 50 kHz)
Polystyrene 2.80 · 1016 –
III 6.61 · 1016 –
Poly(N-vinylcarbazole) 4.00 · 1016 –
VI 2.24 · 108 –
VIIa 6.23 · 1010 1.69 · 107
VIIb 1.25 · 109 1.92 · 106
VIIc 2.82 · 107 2.10 · 106
Table 1 Characterization of compounds.
Code
No.
Compound Yield
(%)
Elemental analysis (%) Characteristic IR absorption (cm1)
S N C H Cl
I Phenanthrene-2-sulfonylchloridea 71 11.57 – 60.75 3.25 12.83 1325, 1145 (–S‚O stretching),
1578 (aromatic –C‚C stretching)
II Phenanthrene-2,6-disulfonylchloridea 60 17.06 – 44.80 2.13 18.93 1324, 1142 (–S‚O stretching),
1580 (aromatic –C‚C stretching)
III Phenanthrene-monosulfonyl derivatives
of polystyreneb
69 9.30 – 76.74 4.65 – 1322, 1148 (–S‚O stretching),
1612 (C‚C aromatic stretching),
3025 (‚C–H stretching), 618, 746
(for ﬁve adjacent H atoms)
IV Phenanthrene-disulfonyl derivatives of
polystyreneb
62 12.54 – 70.58 4.31 – 1322, 1148 (–S‚O stretching),
1600 (–C‚C aromatic stretching),
3010 (‚C–H stretching),
618, 746 (for ﬁve adjacent H atoms)
V Phenanthrene-monosulfonyl derivatives
of poly(N-vinylcarbazoleb)
67 7.39 3.23 77.59 4.38 – 1324, 1145 (–S‚O stretching),
1610 (–C‚C aromatic stretching)
VI Phenanthrene-disulfonyl derivatives of
poly(N-vinylcarbazoleb)
63 9.30 4.06 73.25 4.06 – 1324, 1145 (–S‚O stretching),
1610 (–C‚C aromatic stretching
VIIa Phenanthrene-co-benzene polysulfoneb 35 16.84 – 63.15 3.15 – 1148, 1300 (–S‚O stretching),
1620 (–C‚C aromatic stretching
VIIb Phenanthrene-co-naphthalene
polysulfoneb
42 14.88 – 66.97 3.25 – 1150, 1302 (–S‚O stretching),
1610 (–C‚C aromatic stretching
VIIc Phenanthrene-co-biphenyl polysulfoneb 50 14.03 – 68.42 3.07 – 1148, 1302 (–S‚O stretching),
1605 (–C‚C aromatic stretching
a Soluble in suitable solvents: THF, CHCl3, DMF, etc.
b Insoluble in organic solvents: THF, CHCl3, DMF, DMSO, etc.
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pared from phenanthrene-2,6-disulfonyl chloride by Friedel–
Crafts reaction in chloroform by the procedure as described
for product (III).
2.1.1.3. Synthesis of phenanthrene-co-benzene (VIIa), phenan-
threne-co-naphthalene (VIIb), and phenanthrene-co-biphenyl
(VIIc) polysulfones. The solution of (II) (0.02 mol) was mixed
with anhydrous AlCl3 (0.05 mol) in chloroform, stirred for
about 30 min in nitrogen atmosphere, and then benzene
(0.02 mol) was slowly added to it with continuous stirring
for 36 h at room temperature. The aqueous phase was sepa-
rated out on pouring the resultant solution into crushed ice.
After separating the two phases methanol was added to the or-
ganic layer. The precipitate was ﬁltered and thoroughly
washed with chloroform, methanol, water and ethanol, respec-
tively, and ﬁnally dried in vacuum. Similar procedure was
adopted for the synthesis of phenanthrene-co-naphthalene
(VIIb) and phenanthrene-co-biphenyl (VIIc) polysulfones,and the products were characterized for elemental and spectro-
scopic analysis (Table 1), and for conductivity data (Table 2).
The weight average molecular weight of polymer (Mw) and
intrinsic viscosity (gi) (Tager, 1972) was found to be
45,000 g/mol and 78.6 · 103 ml/g, respectively, at 30 C.
3. Results and discussion
3.1. Elemental and spectroscopic data analysis
In order to get the maximum yields of products, the reactions
were carried out for about 24 h and then they were subse-
quently puriﬁed by usual methods. Each of the products was
subjected to the physical characterization. The physical data
derived from elemental analysis and characteristic frequencies
of IR absorption spectra of samples of polystyrene and
poly(N-vinylcarbazole) pendant phenanthrene sulfones have
been presented (Table 1). Elemental analysis (N and S) of all
compounds (III–VI) reveals that considerable condensation
between the polymers and phenanthrene sulfonyl chloride
(I and II) has not taken place quantitatively. It may, therefore,
be anticipated that every phenyl or carbazole moiety is
derivatized which give theoretical percentage of S for product
(III) to be 9.30% and those of S and N for product (V) to be
7.39% and 3.23%, respectively. From the observed values it
indicates that condensation by product (I) occurs with 62%
of the polystyrene repeating units and 58% of poly(N-vinylcar-
bazole) repeating units, respectively.
Two sharp bands in IR spectra of product (III) and (IV) at
1322 and 1148 cm1 (absent in pure polystyrene) were
observed which may be due to >S‚O structural vibration
of sulfone linkages. The presence of the >S‚O group in phen-
anthrene sulfonyl derivatives of poly(N-vinylcarbazole) (V and
Figure 2 Thermograms of: (1) polystyrene; (2) phenanthrene-
306 S.S.S. Kushwaha et al.VI) is conﬁrmed by the IR data (1324 and 1148 cm1, Table 1).
The product (III) exhibits IR absorption band at 746 and
618 cm1 similar to polystyrene indicating the presence of ﬁve
adjacent H atoms. This suggests the presence of some unre-
acted polystyrene repeating units in phenanthrene sulfone
derivatives of polystrene (III). These results suggest that inter-
chain crosslinking through sulfonyl linkages has occurred in
the case of the phenanthrene-disulfonyl derivatives of polysty-
rene and poly(N-vinylcarbazole) (structures IV and VI, Fig. 1),
this indicates the involvement of both the –SO2Cl groups of
(II) during the condensation giving polymer products (IV)
and (VI). These products are found to have sufﬁcient thermal
stability which supports condensation interchain crosslinking
polymerization. The above structures of the products ﬁnd fur-
ther support from the decrease in dielectric loss.
The copolysulfones products like, phenanthrene-co-ben-
zene (VIIa), phenanthrene-co-naphthalene (VIIb) and phenan-
threne-co-biphenyl (VIIc) have been obtained as coloured
products, insoluble in common organic solvents. The time
required for the completion of all these reactions have been
noted to be about 36 h. The structural characterization of
these copolysulfones have also been discussed through elemen-
tal and IR spectral analysis as summarized (Table 1).
monosulfone derivatives of polystyrene; (3) phenanthrene-disulf-
one derivatives of polystyrene; (4) phenanthrene-co-benzene
polysulfone.
Figure 3 Thermograms of: (1) PNVC; (2) phenanthrene-mono-
sulfone derivatives of PNVC; (3) phenanthrene-disulfone deriva-
tives of PNVC; (4) carbazole-co-naphthrene polysulfones.3.2. Thermal stability
A comparison of thermal stabilities of phenanthrene-mono-
sulfone and phenanthrene-disulfone derivatives of polystyrene
and poly(N-vinylcarbazole) (III, IV, V and VI) with their
respective base polymers, polystyrene and poly(N-vinylcarbaz-
ole) have been represented graphically (Figs. 2 and 3). The ini-
tial decomposition temperatures of all these polymer pendant
sulfones (III, IV, V and VI) are lower than their corresponding
base polymers. The trend being as follows:
polystyrene (300 C) > IV (250 C) > III (200 C),
poly(N-vinylcarbazole) (330 C) > VI (300 C) > V (250 C).
The overall thermal stability (above 25% decomposition) of
all these pendant polymeric sulfones is found to be more than
those of base polymers. Most of the decomposition (6–85%)
of polystyrene and PNVC occurs in a very narrow temperature
range (400–450 C), on the other hand the sulfone derivatives
show a slower rate over a wider temperature range (600 C).
The initial decrease in thermal stability of polystyrene and
poly(N-vinylcarbazole)-based sulfones (III–VI) relative to their
corresponding base polymers is due to the manifestation of the
weakness of carbon–sulfur linkages, which has already been
noted for an aryl-sulfonated polystyrene as well as benzene
and anthraquinone sulfone derivatives of poly(N-vinylcarbaz-
ole) (Dasgupta et al., 1986; Biwas et al., 1988).
Throughout the thermal degradation process, both the
phenanthrene-disulfone derivatives of polystyrene and
poly(N-vinylcarbazole) (IV and VI) exhibit higher thermal sta-
bility over their respective monosulfone derivatives (III and V)
due to the interchain crosslinking via sulfone linkages.
The thermal degradation patterns of the phenanthrene-co-
benzene and carbazole-co-naphthalene polysulfones, respec-
tively, where the sulfone (–SO2–) linkages are in the main
chain, have been represented graphically (Fig. 2, curve 4 and
Fig. 3, curve 4). The initial decomposition temperatures ofthese two copolysulfones are higher than their corresponding
polymer pendant sulfones, i.e., phenanthrenemono- and disulf-
one derivatives of polystyrene and poly(N-vinylcarbazole). It
has been noted that the initial decomposition of both the
copolysulfones (VIIa and VIIb) as well as pendant polysulf-
ones (III–VI) occurs via degradation of sulfone linkages, which
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esting to note that, though both the compounds (IV) and
(VIIa) contain phenyl –SO2– phenanthrene linkages and follow
essentially the same degradation path, their initial decomposi-
tion temperatures are not the same. This result manifests the
fact that in the case of the polymer pendant sulfones, the pen-
dant moieties produce more strain than that in the straight
chain copolysulfones.Figure 4 Permittivity (e) and dielectric loss (tan d) vs. frequency
plots for: (1, 10) phenanthrene-monosulfone derivatives of poly-
styrene; (2, 20) phenanthrene-disulfone derivatives of polystyrene;
(3) polystyrene.
Figure 5 Permittivity (e) and tan d vs. frequency plots for: (1, 10)
PNVC; (2, 20) phenanthrene-disulfone derivatives of PNVC; (3, 30)
phenanthrene-co-monosulfone derivatives of PNVC.3.3. Dielectric characteristics
The variation of permittivity and dielectric loss parameters
with applied frequency for polystyrene, phenanthrenemono-
and disulfone derivatives of polystyrene (III and IV), poly(N-
vinylcarbazole) and its phenanthrenemono- and disulfone
derivatives (V and VI) and three copolysulfones (VIIa–c),
respectively, are represented graphically (Figs. 4–6). It is obvi-
ous from Fig. 4 that the dielectric constant and the loss param-
eter remain independent of the applied frequency for
polystyrene (curve 3). However, inclusion of the phenanthrene
as monosulfone derivatives (III) (curves 1, 10) leads to a higher
value of permittivity as well as the dielectric loss, both de-
creases with the applied frequency. For the disulfone deriva-
tives (IV) (curves 2, 20), the permittivity values are lower
than those for monosulfone derivatives (III), whereas the loss
parameter is reduced appreciably both tending to be indepen-
dent of the frequency. The permittivity and loss parameters for
poly(N-vinylcarbazole) remain low and frequency independent
(curves 1, 10, Fig. 5). For phenanthrenemono-sulfone deriva-
tives of poly(N-vinylcarbazole) (V) (curves 3, 30, Fig. 5), as
with the corresponding polystyrene derivatives (curves 1, 10,
Fig. 4), both the permittivity value and loss factor reveal a
sharp fall with the applied frequency, whereas for phenan-
threne-disulfone derivatives (VI), the permittivity and loss
parameter tend to become frequency independent. This behav-
iour is very similar to polystyrene derivatives. The permittivity
and loss factor of the copolysulfones (VIIa–c) show a fall with
the applied frequency. At any particular frequency between 104
and 107 Hz, the trend in the variation of permittivity and loss
parameter is:
VIIb> VIIa> VIIc
The above discussion suggests that the introduction of po-
lar groups in the polymer chain enhances the dielectric con-
stant and loss parameter (Tager, 1972) which is due to the
greater extent of polymerization in the molecule facilitated
by polar group and more polarizable delocalized p-electrons
of phenanthrene moiety. The polar phenanthrene-sulfone pen-
dant moieties are evidently ﬂexible in nature, consequently,
they orient themselves in the direction of the applied electric
ﬁeld at even low frequency alternation and increase the value
of dielectric constant. With the increasing frequency of alterna-
tion, the polar groups do not arrange themselves along the
ﬁeld direction, which leads to a vigorous fall in the permittivity
value. As for the disulfone derivatives (IV and VI), the polar
phenanthrene sulfonyl moieties are more rigidly bound via
interchain crosslinking, thereby restricting the orientation of
these groups with the applied frequency.
The products (VIIa–c) have conjugation which is likely to
be affected by the geometry of the –SO2– fragment linking
Figure 6 Permittivity (e) and tan d vs. frequency plots for: (1, 10)
phenanthrene-co-naphthrene; (2, 20) phenanthrene-co-benzene; (3,
30) phenanthrene-co-biphenyl polysulfones.
Figure 7 log r vs. log f plots for: (s) phenanthrene-co-benzene;
(d) phenanthrene-co-naphthalene; () phenanthrene-co-biphenyl
polysulfones.
308 S.S.S. Kushwaha et al.up two aromatic systems. Sulfur in these sulfones is bonded to
two carbon atoms and to two terminal oxygens in a tetrahedral
arrangement likeS
O
O
which is deformable (Truce et al., 1977; Truce and Murphy,
1951). In addition, the high polarity of the sulfur–oxygen bond
will give rise to a large dipole moment (Biwas et al., 1988), con-
sequently, enhanced electron polarization in these sulfones and
hence a high dielectric constant. As for the backbone sulfones,
which exhibit much higher dielectric polarization, the crossed
conjugation will be operative.
3.4. Conductivity characteristic
3.4.1. dc conductivity
The inclusion of high electron rich moieties in polystyrene,
poly(N-vinylcarbazole) and the preponderance of such groups
in the straight chain copolysulfones obviously imply the
manifestation of electronic conductivity in these systems. The
conductivity data (Table 2) are in accordance with our expec-
tations. It is found that dc conductivity increases with increase
in the extent of conjugation in phenanthrene copolysulfones of
benzene and naphthalene. The phenanthrene copolysulfone of
biphenyl (VIIc) exhibits higher dc conductivity which is againstthe steric requirements. It may also be concluded from these
observations that additional Friedel–Crafts sulfonation
through the available ortho positions in the biphenyl moiety
may introduce more conjugation which may improve dc con-
ductivity characteristics.
3.4.2. ac conductivity
The ac conductivity of the copolysulfones shows a linear
dependence on the applied frequency (Fig. 7). Such observa-
tions have also been noticed in a broad class of disordered
semiconductors polyacenoquinone radical type of polymers
and cis-polyacetylene (Abkowitz et al., 1975; Epstein et al.,
1985). These data are in the favour of hopping mechanism
(Emin, 1973; Nagels, 1979) proposed for electrical conduction
in such class of polymers. The ac conductivity at any selected
frequency is always found to be higher than the dc conductivity
for the same system of polymers (Table 2). This explores high-
er hopping rate of electrons between the available sites (Na-
gels, 1979; Epstein, 1986). Similar observations have also
been observed in literature on some other systems (Breimer
et al., 2001; Kayam and Afzali, 2003).
4. Conclusion
In conclusion, phenanthrene-sulfone derivatives of polystyrene
and poly(N-vinylcarbazole) show considerable high overall
thermal stability, dielectric constant and conductivity relative
to their corresponding base polymers. Copolymers of phenan-
threne with benzene, naphthalene and biphenyl containing
backbone sulfonyl groups also show appreciable thermal
stability, high dielectric loss and strongly dependent on the
applied frequency as well as on the p-electron delocalization
Synthesis and physical characterization of electrically conducting polymers 309in the copolycondensates. Results of this study may help in
opening new era of producing stable polymers of improved
conductivity.Acknowledgement
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